Military personnel are at risk for hearing loss due to noise exposure during deployment (USACHPPM, 2008). Despite mandated use of hearing protection, hearing loss and tinnitus are prevalent due to reluctance to use hearing protection. Bone conduction headsets can offer good speech intelligibility for normal hearing (NH) listeners while allowing the ears to remain open in quiet environments and the use of hearing protection when needed. Those who suffer from tinnitus, the experience of perceiving a sound not produced by an external source, often show degraded speech recognition; however, it is unclear whether this is a result of decreased hearing sensitivity or increased distractibility (Moon et al., 2015) . It has been suggested that the vibratory stimulation of a bone conduction headset might ameliorate the effects of tinnitus on speech perception; however, there is currently no research to support or refute this claim (Hoare et al., 2014) . Speech recognition of words presented over air conduction and bone conduction headsets was measured for three groups of listeners: NH, sensorineural hearing impaired, and/or tinnitus sufferers. Three levels of speech-to-noise (SNR ¼ 0, À6, À12 dB) were created by embedding speech items in pink noise. Better speech recognition performance was observed with the bone conduction headset regardless of hearing profile, and speech intelligibility was a function of SNR. Discussion will include study limitations and the implications of these findings for those serving in the military.
1. Introduction
Hearing loss and the military
Military personnel are at high risk for noise-induced hearing loss due to the acoustic trauma experienced during deployment from high-level impulsive blasts (i.e., weaponry, improvised explosive devices) and continuous noise (i.e., air and ground vehicles, engine equipment) (USACHPPM, 2008) . In fact, noiseinduced hearing loss is the most prevalent injury of United States Soldiers returning from Afghanistan and Iraq (Cave et al., 2007) . Ear injuries, including tympanic membrane perforation, sensorineural hearing loss, and tinnitus, affect a warfighter's hearing acuity and, as a result, reduce situational awareness and readiness (Dougherty et al., 2013) .
Tinnitus
Moreover, noise-induced hearing loss is highly associated with tinnitus, the experience of perceiving sound that is not produced by a source outside of the body (Henry et al., 2010) . 'Clinically-significant,' or chronic, tinnitus is when it has been experienced for at least 3 to 6 months and may become problematic for an individual and their quality of life (Tunkel et al., 2014) . Intervention and management are the only options for those individuals suffering from chronic tinnitus as there is no cure for this condition. 'Clinically-significant' tinnitus affects an individual's sleep, daily tasks, relaxation, and conversation (Moon et al., 2015) . Tinnitus is the primary service-connected disability, affecting 1,450,462 Veterans in Fiscal Year (FY) 2015 (Veterans Administration, 2015 .
Hearing protection
The exposure that causes hearing loss could be greatly reduced by the proper and consistent use of hearing protection. The Army Hearing Conservation Program (Army Pamphlet 40e501, 2015) mandates the use of hearing protection for steady-state noise above 85 dBA, and for impulsive noise above 140 dB peak. However, the prevalence of hearing loss and tinnitus within the military population suggests that Soldiers are failing to use their hearing protection despite its being mandatory. Warfighters are commonly exposed to unsafe levels of noise; however, in many instances, proper use of hearing protection would reduce exposure to safe levels. For example, a tracked vehicle noise can exceed 115 dB A (an Abrams M1A2 tank driven at 63 mph measures at 117 dBA), and an M16A2 measures 157 dB peak at the shooter's position (Robertson et al., 1978) . Assuming hearing protection of approximately 20 dB from earmuffs, and up to 30 dB from properly inserted earplugs, the noise exposure to these can be reduced to safe levels. Although there are sources of noise exposure for which 20 dB attenuation would not be sufficient, in many cases special operational procedures and equipment are in place to reduce their impact. For example, there are locations on Navy flight decks where steadystate levels exceeding 145 dB C have been measured (Webster, 1971) . However, these shipmen use specialized cranial helmets with communications capability and although there are still issues with proper fit, use of these devices compliance is higher. In contrast, Infantry Soldiers and other ground troops, still at great risk for hearing loss, often forego the use of protection believing it may decrease circumstantial responsiveness during combat (Abel et al., 2011) .
Increasing compliance
The unpredictable nature of the noise threat and the reasonable need to shoot, move, and communicate during combat makes it difficult to gain full compliance with hearing protection mandates. Having communication technology that does not interfere with either hearing protection or communication is essential for increasing compliance. One strategy is to incorporate hearing protection into reliable communication devices (Palca, 2016) . It is presumed that the desirability of radio communications will encourage the use of a headset incorporating hearing protection. Another strategy is to offer communications through boneconduction headsets that allow the warfighter to have full communications capability that does not interfere with the use of hearing protection when needed and allows unhindered hearing when not needed.
TCAPS
The integration of communications with hearing protection has been given the name, "Tactical Communication and Protective Systems (TCAPS)", and refers to any device that provides two-way audio communications through a headset and a microphone, passive protection via earplugs or earmuffs, and active protection via electronic compression or shut-offs. The passive protection of airconduction TCAPS headsets provides protection from high ambient noise levels, and active talk-through microphones allow the user to engage in face-to-face conversation and hear ambient environmental sounds, preserving situation awareness. In order to prevent the transmission of ambient noises exceeding safe levels, levels beyond a certain threshold level are either compressed or limited by the active circuitry, thus restoring hearing protection. Similar devices designed to work without a radio have also been developed under the moniker, TCAPS Lite (AUSA e Silynx Offering ANR Ear Pro, 2014; Jahner, 2015).
Bone conduction
The second option, bone conduction, presents radio transmissions by converting electric signals into mechanical vibrations, sending sound to the internal ear through the cranial bones. Because headsets with bone conduction transducers do not cover the ears, they allow the user to hear the surrounding environment and the option to communicate over a radio network (Walker et al., 2005) . When hearing protection is required, the closed ear canal serves as a resonant chamber to amplify the bone conducted signal (Henry and Letowski, 2007) . Worn with or without hearing protection, bone conduction devices are inconspicuous and fit easily under the helmet (Tran et al., 2013) . Bone conduction communication devices have been used in the past; however, they have not been widely adopted for military applications. Further, because the use of bone conduction communication devices is still relatively new, there are still many complaints about the fit, sound quality, and sound transmission obtained from these devices (Ganesh, 2016; Kuchera, 2009) . Consequently, there have been reports of devices not working for certain people (e.g., poor design and fit), or that the sound transmission is weak (e.g., insufficient power) (Kuchera, 2009) ; however, issues reported are most likely due to design failures. There are no physiological reasons that bone conduction should fail to work for a user, assuming that the transducer is sufficiently powerful, has good placement, and has appropriate contact with the user's head (Henry and Letowski, 2007) . By identifying the optimal design characteristics required for bone conduction transducer implementation, recent psychophysical studies have contributed significantly (Mcbride et al., 2005; Myles et al., 2015; Pollard et al., 2015; Tran et al., 2008 Tran et al., , 2013 . Therefore, while bone conduction technology is not as commonly used currently, for some it may be the preferred option. Further, since it is a relatively new technology, more research is needed to understand how it functions for different user populations.
Hearing loss and military service
Although near normal hearing is a requirement for entry to military service (Department of the Army, 2008; Headquarters: Department of the Army., 2011; U.S. Department of Defense, 2011; U.S. Department of the Air Force, 2009), many military personnel operate in high noise environments that cause some degree of clinically-significant noise-induced hearing damage and/ or tinnitus (Helfer et al., 2013) . TCAPS and bone conduction devices will not solely be used by warfighters with normal hearing as some of these servicemen have already experienced hearing loss and tinnitus. Therefore, it is important to understand speech recognition performance over communication headsets as a function of hearing profile. Further, while speech intelligibility in noise is problematic for all listeners (Abel et al., 2011) , it is usually a greater problem for those with hearing loss (Moore, 2003) . Although the noise of tinnitus has an internal source, one form of tinnitus treatment is the use of sound masking devices that present white noise, pink noise, or other subtle ambient sounds designed to mask the tinnitus (Hoare et al., 2014) . It may be that the external background noise used when testing speech intelligibility in noise actually serves to inhibit or mask the tinnitus. Therefore, a central question is whether there are differences in performance for those with tinnitus that are not observed for subjects with sensorineural hearing loss only.
Research objective
The objective of this study was, therefore, to measure speech recognition in noise over communications devices as a function of hearing profile and communication device type. Characterizing speech recognition performance of different hearing populations when using air and bone conduction headsets in noise enables us to make better predictions about the utility of TCAPS for warfighters with impaired hearing and/or tinnitus, which are extremely common disabilities within the military population. Additionally, by testing performance with both air conduction and bone conduction headsets, we either provide evidence for the utility of bone conduction technology for general use, or document any ways in which hearing profile [normal hearing (NH) vs. sensorineural hearing loss (SNHL) vs. sensorineural hearing loss and clinically significant tinnitus (SNHL þ T)] affect TCAPS usage, guiding future device selection.
Materials and methods

Participants
A total of 47 participants (39 men, 8 women) were recruited and volunteered from the community in and around Aberdeen, MD and the Aberdeen Proving Ground, MD. Participants were assigned to one of three hearing profile groups based on their hearing evaluation. Nineteen NH participants, 15 participants with SNHL, and 13 with SNHL þ T completed all testing. The voluntary, fully informed written consent of participants in this research was obtained as required by federal and U.S. Army regulations (U.S. Department of Defense, 1999; U.S. Department of the Army, 1990). The investigator adhered to Army policies for the protection of human subjects. All human subjects testing was approved by the Institutional Review Board of the United States Army Research Laboratory.
For all subjects, a clinical audiological evaluation was completed and included case history, otoscopy, tympanometry, speech audiometry, and air and bone conduction audiometry. Air conduction pure tone thresholds were measured for left and right ears at octave frequencies from 250 to 8000 Hz and including inter-octaves of 3000 and 6000 Hz. Bone conduction pure tone thresholds were obtained at 500, 1000, 2000, and 4000 Hz. Individuals with conductive, mixed, or asymmetrical hearing losses (i.e., differences in air conduction thresholds between the ears of 15 dB or greater at two or more tested frequencies) were excluded from study participation. Case history responses and audiologic testing determined the group that the participant would be categorized (i.e., NH ¼ 0e25 dB HL; SNHL ¼ 26e90 dB HL; (Northern and Downs, 2014)).
Hearing evaluation
Otoscopy was completed with a Welch Allyn Pneumatic Otoscope, tympanometry with a GSI 37 Portable Screening Tympanometer, and speech, pure tone air, and bone conduction audiometry was completed with a Madsen Electronics Orbiter 922 clinical audiometer and Etymotic Research (ER-2) insert earphones and a B-71 bone vibrator. Participants completed an abbreviated version of a tinnitus intake form, the Tinnitus Sample Case History Questionnaire, described by Langguth et al. (2007) . An individual was categorized as having clinically significant tinnitus by confirming that this statement was true: "My tinnitus has affected one or more of my life situations, emotions, occupational goals, and/or personal relationships for a period of at least one month" (Henry et al., 2010) . This statement helped to screen for individuals who experienced tinnitus as a significant problem in his or her life. Additionally, the Tinnitus Functional Index (TFI) was completed by the participants who responded "True" to the statement. The TFI was chosen as a screening and self-report measure because it was specifically designed and validated as a tool for measuring tinnitus handicap (Meikle et al., 2012) . Specific domains are measured with the TFI: intrusiveness, sense of control, cognitive factors, sleep, auditory ability, relaxation, quality of life, and emotional hindrances. Once a participant was categorized into the SNHL þ T group, the TFI was used to measure an individual's perceived difficulty as described by the subscales, specifically the auditory ability subscale. Audiological testing was completed in a sound-attenuated hearing booth with noise levels complying with ANSI S3.1-1999 standards (ANSI/ASA S3.1, 2013).
Speech corpus
The Modified Rhyme Test (MRT) (House et al., 1963) was used as the speech corpus. This test consists of six lists of 50 monosyllable English words constructed from 50 sets of six rhyming words, such that all words in a set differ only in their beginning or ending consonant (Fig. 1) . For each trial, a word is presented, inserted in a carrier phrase, "Circle the ____ again." The six words are displayed on a computer monitor and the listener is asked to click on the correct word. For example, in Fig. 1 , item 1, if the word were "feat", the recording would say, "Circle the feat again." The listener would then choose the appropriate item from the six rhyming options. Two recordings of the complete list of MRT items were made, one of a female talker and one of a male talker. This was done to capture gender based differences in performance on air and bone conduction.
The six 50-item lists are constructed by selecting one of the six words from the rhyming sets, without repetition, so that each list is equivalent in difficulty. A single 50-item list was presented for each of the test conditions. All subjects used the same lists of words, but the order of the words in the list is randomized. The lists and conditions were counterbalanced to avoid order effects. All recordings were equalized so that the target word was at the same level throughout. All words were presented via computer, bypassing the use of a radio. It should be noted that the frequency spectra of a radio may be more band-limited than that of the computer.
Noise background
Speech items were presented embedded in pink noise, calibrated to meet one of three speech-to-noise ratios (SNR ¼ quiet, À6, & À12 dB). Levels were calibrated by playing the speech items and the noise through each headset and recording the output using a KEMAR 1 auditory test fixture. The noise levels were then adjusted digitally and mixed with the speech items to achieve the desired speech-to-noise ratios. Listeners were allowed to set the speech levels to their preferred listening level as described in the procedures. This ensured that the speech was audible, regardless of hearing threshold, while maintaining the speech-to-noiseratio at the target level.
TCAPS
For air conduction, an Invisio X5 Dual in-ear headset with the Invisio X50 control unit and an RCA type adapter cable were used that allowed for the system to plug into the computer instead of a radio (Fig. 2a) . For bone conduction, the AfterShokz Sportz 3 model headset was chosen (Fig. 2b) .
Test facility
Participants completed the speech recognition testing in a sound-treated booth containing a Dell computer station (monitor, tower, keyboard, and mouse) and a Rane SM 26B Splitter/Mixer and an HC 6 headphone console. Laboratory developed software was used to present the MRT over the headset connected to the headphone console. Twelve experimental conditions were created by the intersection of SNR (quiet, À6, À12 dB) and talker gender (male/ female) for each headset (air conduction, bone conduction). A test block consisted of one, 50-item MRT list. Lists were randomly assigned to each of the 12 conditions so that each of the six lists was used twice. The order of the experimental conditions was also randomized across participants so as to minimize potential order effects. To set the presentation level, participants were given practice items consisting of speech in quiet and instructed to adjust the output to a comfortable listening level.
Statistical analyses
Correcting for guessing and rationalized arcsine transformation
The MRT test is a closed set multiple choice test with six possible responses; if a subject were guessing, the probability of getting the correct answer is one in six, or 12.5%. Therefore, according to convention (ANSI S3.5, 2012) , the scores were first corrected for guessing by using the following equation:
where X is the number of correct responses, N is the total number of test items (N ¼ 50) and C equals the number of multiple choice options (C ¼ 6), and X c is the corrected score. Then, because the highest possible score for each list must necessarily be limited to 50, it is necessary to transform the data in order to meet the assumption of normality during statistical analyses. Thus, the corrected scores were transformed into arcsine units according to the following equation:
where X is the number of correct responses, N is the total number of test items (N ¼ 50) and T is the resulting transformed score. Studebaker (1985) modification was then used to better accommodate speech testing scores:
The rationalized arcsine units (RAU) values computed from the percent correct values corrected for guessing were then used as the dependent variable in all of the statistical analyses discussed here.
Equivalency of MRT lists
The MRT is designed so that each of the six 50-item lists are considered equivalent (House et al., 1963) . However, if there were significant differences in the clarity of the recorded versions used for this study, this assumption would not be valid. Therefore, the list number was included in the analysis to determine to what extent list differences was a factor. A five-factor analysis of variance (ANOVA) was conducted on the corrected and transformed scores with the independent variables being TCAPS, Hearing Profile, SNR, Talker Gender, and List. There was no main effect for List, F(5, 354) ¼ 0.75, p < 0.59; as a result, in the analyses provided in the next section we will assume equivalency and remove this variable from the analyses. Table 1 gives the significant results (p < 0.05) for the four-factor analysis of variance of the remaining variables. The significant results will be discussed below. 
Statistical analysis of research variables
Results
Hearing profile
The effect of hearing profile was found to be statistically significant, F(2, 528) ¼ 3.74, p < 0.024. As shown in Fig. 3 , the mean corrected RAU scores for NH, SNHL, and SNHL þ T were 65, 61, and 63, respectively. Consistent with what would be predicted from their hearing profiles, NH listeners performed best and SNHL listeners performed worst. Surprisingly, there was also no significant interaction of hearing profile with SNR in the noise conditions, F(4, 528) ¼ 2.02, p ¼ 0.09. Nor were there any interactions of hearing profile with the TCAPS used F(2, 528) ¼ 0.99, p ¼ 0.372. There were no differential benefits or impairments found for SNHL or SNHL þ T listeners using the AfterShokz headset, compared to NH listeners. Fig. 4 shows the mean rationalized arcsine units measured for each of the TCAPS under test. Overall, performance was marginally, but significantly better for the AfterShokz bone conduction headset, F(1, 528) ¼ 29.90, p < 0.01. Performance was 6 RAU better for the AfterShokz device. Fig. 5 shows the same information as a function of speech-tonoise ratio. As would be expected, performance increased as the speech-to-noise ratio increased, F(2, 528) ¼ 1881.47, p < 0.01. This main effect is itself unsurprising; however, it is notable that there were not any interactions with hearing profile or TCAPS F(2, 528) ¼ 0.42, p ¼ 0.659. Thus, it can be concluded that the degrading effect of noise on speech recognition was approximately the same for the NH and hearing impaired subjects and that there was no measurable benefit for either headset in noise.
TCAPS
Speech-to-noise ratio
Talker gender and SNR
In Fig. 6 we can see that performance was better for words spoken by the male talker. Fig. 7 shows the interaction of SNR and talker gender and suggests that the effect of talker gender is due to noise having a more detrimental masking effect for the female voice. The interaction of SNR and talker gender was F(2, 528) ¼ 33.52; p < 0.01.
Discussion
Most comfortable listening level and hearing profile
One of the most fascinating things about the data is that although the main effect of hearing profile was significant overall, the difference between the NH group and the SNHL group was only 4 RAU. The difference between the NH and SNHL þ T group was even smaller and was not significant, p > 0.05.
It should be noted that while the SNRs were kept constant across groups, the listeners were allowed to set the level to their preferred listening level, thus effectively overcoming any differences in hearing threshold for the quiet condition.
Given the question of whether warfighters with SNHL or SNHL þ T are fit for duty, one might conclude from the data that if we could amplify the signal sufficiently, he or she could function just as well as the NH warfighter. To do so would allow the Department of Defense to retain a number of valuable personnel previously disqualified from duty. However, there are a number of important caveats to this conclusion. First, we explicitly maintained the same speech-to-noise-ratio for all listener groups. This is currently not practical in many contexts because it requires selectively amplifying the target signal and not the noise. In occupational specialties where there is relatively little noise, amplification can restore hearing significantly. Radio signals can be selectively amplified as long as there is no noise in the talker's background and the signal is free from electromagnetic interference. However, the output of radio speakers and headsets are designed for normal hearing listeners and may not be sufficiently powerful to amplify the signal to the required levels. Further, there may be safety concerns that make limiting output desirable.
Further, in other environments, such as those where there is noisy equipment or multiple talkers, the current technology cannot sufficiently minimize the noise while amplifying the signal. This is exemplified by the common complaint of hearing aid users that their devices do not work well in noisy environments. The distinction between signal and noise is dependent on one's circumstances; the target signal in one context may be the masking signal in another.
Although not a significant factor for this study, studies have shown that SNHL causes reduced temporal and spectral resolution as well as a lack of normal auditory compression resulting from loss of outer hair cells. Broadening of critical bandwidths; that is, the bandwidths of the psychophysical filter, occurs with increases in threshold, effectively increasing masking from surrounding frequencies (George et al., 2006; Houtgast and Festen, 2008) . Therefore, in noise, persons with SNHL, whether accompanied by tinnitus or not, have more difficulty selectively attending to broadband complex target sounds such as speech in a noisy background (Moore, 2005) .
Noise and tinnitus
One hypothesis of this study was that the noise masker might alleviate the tinnitus, resulting in a moderate improvement in speech recognition relative to the SNHL-only group. Tinnitus is sometimes treated through the use of a therapeutic sound masker, consisting of music or noise that inhibits or distracts the person from their experience of tinnitus (Baguley et al., 2013) . Thus, although both groups have some degree of hearing loss, there was a possibility that the noise masker used in the study impaired the performance of the SNHL þ T group less. The results did not support this conclusion. Although the SNHL þ T participants had higher speech recognition scores than the SNHL-only group; the 2 RAU difference was not significant. Furthermore, the underlying variability of the hearing thresholds and speech recognition performance scores of the participants of this study make it difficult to make strong conclusions about the causes of these small profile effects.
Quality of bone conduction headsets
An important finding of this study is that the TCAPS devices, whether comprised of air conduction or bone conduction technology, worked equally well regardless of the participants' hearing profile. Subject reports were universally favorable for the AfterShokz. The AfterShokz device is not being marketed as a military grade headset, but rather, it is a commercial, off-the-shelf product intended for use with music players. The Invisio device, in contrast, has been designed for military use with radio communications systems.
No generalization can be made about the quality of bone conduction as a technology based on the data from a single device. However, as a relatively immature technology, bone conduction devices have often received poor reviews due to poor engineering and design. Consequently, there have been reports that it "doesn't work for some people", or that "it's not loud enough" (Kuchera, 2009) . In contrast, the results of this experiment are not consistent with those previous statements, as the devices worked well in our testing. Although the finding that bone conduction technology can provide good speech intelligibility isn't necessarily surprising from a theoretical or a physical standpoint, it is one that is worth stressing.
Hearing profile, talker gender, and SNR
The mean speech recognition score for the male talker was 9 RAU higher than that of the female talker. As the SNR level decreased, the male speaker had an advantage with respect to speech intelligibility; this is supported by the increased decline in speech recognition scores for the female talker as compared to the male talker.
Despite the common perception that speech intelligibility is better for female talkers (Amano-Kusumoto and Hosom, 2011) , this is only true to the extent that a particular speaker produces intelligible speech. Female speech tends to have larger vowel spaces, which has been found to be more intelligible; however, there is a great deal of variability in talkers (Bradlow et al., 1996) . Further, female speech is not always easier to hear. According to the principle of upward spread of masking (Gelfand, 2009) , the lower frequencies in the male voice will mask more of the competing background noise. As a result, female speech is more vulnerable to masking by the low frequencies in broad spectrum noises (Nixon et al., 1998) .
Typically, we observe a characteristic reduction in sensitivity to high frequencies observed in the audiograms of the individuals with SNHL or SNHL þ T participants. One might predict that those individuals would gain additional benefit from lower frequency stimuli relative to NH listeners. However, the spectral range that is affected by this reduction is well above the average fundamental frequency of the female voice (160e250 Hz). Consistent with this fact, the three-way interaction of hearing profile, talker gender, and SNR was not significant; the NH listeners benefitted equally from the additional low frequency information in the male talker's voice.
Measuring speech intelligibility in noise
The American National Standards Institute/Acoustical Society of America S3.2 Method for Measuring the Intelligibility of Speech over Communication Systems (ANSI S3.2, 2009 ) specifies that the ambient noise conditions should match that of the operational environment. The warfighter encounters noise as it is transmitted from the speaker's location through his/her radio, and in his/her own operational environment. Because of the diversity of hearing profiles being tested, the ability to have participants set his/her preferred level was important. Presenting the noise externally would have required recalibration of the background noise for each participant and condition. By mixing the speech and noise signals, we simulated noise transmitted over the communication system, but not external noise occurring in the operational environment. This allowed us to maintain the target speech-to-noise ratios; however, perceptually, this resulted in the speech and noise being co-located spatially, a worst-case scenario. During pilot testing we tried replicating the effect of external noise by presenting it separately from the speech signal over headphones worn with the AfterShokz headset. While this strategy was effective for the bone conduction headset, there was no way to do this for the Invisio headset, making the two conditions dissimilar in difficulty due to the perceptual separation of the noise and speech signals.
Equivalency of the TCAPS headsets
There are established methods for measuring speech intelligibility objectively. For example, the Speech Intelligibility Index describes a method in which modulated one-third octave bands are transmitted through the communication medium and the reduction in modulation depth of the recorded output signal is used to index the speech intelligibility of the device (ANSI S3.5, 2012) . Although the interface required to measure the output of an air conduction headset is well established, and would likely consist of the use of a traditional microphone, such as that used in a G.R.A.S. 45 CB artificial test fixture. The bone conduction headset would require a specialized interface consisting of a contact microphone. There is no way to calibrate the two systems to a single source and ensure that the output is equivalent.
Speech recognition performance data do show a significant difference in performance for the two headsets. Perceptually, subjects reported that both the signal and the noise were noticeably clearer for the bone conduction headset. These differences cannot be directly attributed to the type of transmission because only one exemplar was used of each type of headset. Instead, it is assumed they are due to differences in the spectral transmission of each headset. Bone conducted sound transmission depends on the placement of the transducer, as the distance from the ears, thickness of the skin and the skull have different filtering effects on the sound reaching the cochlea (Henry et al., 2009 ).
We measured the frequency response for the two headsets by presenting a Maximum Length Sequence (MLS) through each headset and computing its impulse response. Recordings of the Invisio were made using the G.R.A.S. 45CB auditory test fixture. An artificial mastoid (B&K type 4930) was used to record from the AfterShokz. A Fast Hadamard Transform (FHT) (Rife and Vanderkooy, 1989 ) was used to compute the impulse response and the transfer function was computed by applying a Fourier transformation to the data. Fig. 8 shows the frequency responses computed from these measurements.
The AfterShokz is marketed for use with music players rather than as a communication device and the frequency response is fairly flat, even for the higher frequencies. In contrast, although the Invisio advertises a 0e20 kHz frequency response, it is optimized for speech communication and the frequency response drops off starting at about 10 kHz. Although this frequency range is optimal for speech, the noise background was mixed with and transmitted by the headset e and similarly distorted. Participants reported this to be perceptually unpleasant, and there was a significant 6 RAU reduction in speech recognition scores, p < 0.01. It is unclear whether speech recognition would be similarly affected for a listener receiving communications from a quiet source while immersed in a noisy environment. It is quite possible that the boost in the speech range of the spectrum would increase performance relative to that of the AfterShokz headset. As noted previously, speech recognition performance did not differ as a function of the type of TCAPS used, but rather the advantage seen for the AfterShokz was statistically equivalent for all three groups, p < 0.05.
In order to compare performance between air conduction and bone conduction more directly, no radio was used during testing and all speech items were presented via computer. The addition of the radio would change the frequency range transmitted. The degree to which the range is reduced would depend on the radio and the microphone used. MIL-PRF-26542/2E (U.S. Defense Logistics Agency: Land and Maritime, 2013) indicates that the typical microphone response curve ranges from approximately 200 to 5000 Hz, similar to the frequency response of the Invisio. MIL-STD 1472G (U.S. Department of Defense, 2012) simply states that speech-transmission equipment should respond optimally to frequencies in the speech range (i.e., 200e6300 Hz). Therefore, the conditions of the experiment did not replicate those of the operational environment in that the microphone and radio would probably alter the spectral response of the signal prior to transmission through the headsets.
Conclusion
Communication and situational awareness is a critical need for soldiers. Impaired hearing puts the soldier, as well as his squad, at risk. However, the results of this study demonstrate that the primary determinant of speech recognition performance when using TCAPS is the ability of the device to amplify the target signal above the competing noise. TCAPS devices that provide clear speech transmission for NH warfighters will work equivalently for those with SNHL and SNHL þ T to the degree that the signal is above his/ her hearing threshold and sufficiently above the level of any masking noise. Although hearing loss is accompanied by other suprathreshold effects that affect communication; these did not affect performance in this study and amplification can provide a significant degree of hearing restoration for some listening environments. Due to the need to reduce additional exposure and the risk of additional hearing loss, caution is required when deploying a hearing impaired warfighter. However, given that some warfighters may be operating with some degree of noise-induced hearing loss in an adverse environment, the amplification provided by a TCAPS may restore a level of communication not previously available and therefore, allow the individual to continue to serve and provide the military with valuable expertise.
